Scientific tools of increasing sensitivity and sophistication have been used to examine the materials of art and archeology. Such tools frequently support and render more reliable the judgment of experts in questions of authenticity. The quality of forgeries, however, has the tendency to improve as forgers become acquainted with new methods of examination and in tum learn to circumvent or confound them. We here describe a new method which should be of value in distinguishing paintings of the 18th century and earlier from forgeries made in the 20th century. Under certain circumstances, the. results of an analysis may provide an unambiguous distinction.
where [Pblt is the lead-210 .concentration in the sample at present, [Ra] is the radium-226 concentration in the sample, ,\ is the disintegration constant for lead-210, t is the time since separation of the lead from its ore, and [Pb] 0 is the lead-210 concentration at the time of separation (2) . The original lead-210 concentration cannot be determined experimentally but it can be presumed to be equal to the concentration of uranium in lead ores, or it can be calculated from the radium concentration of a sample and a known separation factor, defined as [Pb] 0 / [Ra] . Therefore, the utility of the equation in calculating age would be reduced by the occurrence of a wide range of values of either the original uranium concentrations or the separation factors. Nevertheless, valuable deductions may still be possible when large differences in time are being considered (for example, 20th century versus 18th century).
The method was evaluated by determining the concentrations of lead-210 and radium-226 in a variety of lead metals and their compounds in order to compute the range of original concentrations and the range of separation factors. To estimate the age of an unknown sample one must determine the concentrations of these two nuclides in the sample. The method described below is primarily limited to paintings; its extension to other objects follows readily.
The principle was tested in 1928 on a pair of samples, one old and the other recent ( 3) . Approximately 25 years ago, a more extensive study was made to demonstrate the low radioactivity of old lead; the study was based upon the measurement of alpha emission ( 4). No suitable method was then available, however, with adequate sensitivity and selectivity to distinguish between the concentrations of radium-226 and those of its descendants. As a result, only a rather ambiguous comparison of gross alpha emission rates could be made, which proved useless.
In contrast, modern methods of radiochemistry make it possible to measure both radium-226 and polonium-210 with a relatively high degree of accuracy in a small sample. Also, if one uses the small size and high energy resolution of solid-state detectors, very low backgrounds are produced, of the order of 0.001 count per minute, a factor which contributes to the sensitivity of the analysis. This is accomplished by measuring only alpha particles having the energy or energies characteristic of the nuclide to be determined.
The best method to determine the concentration of lead-210, therefore, involves determining the concentration of its alpha-emitting descendant, polonium-210. There are numerous ways to separate polonium-210 and to prepare it for counting (5) . In brief, the sample (paint, metal, chemical, or ore) is dissolved in dilute nitric acid, and the polonium is eventually plated on silver counting-planchets. The overall efficiency, the product of the chemical yield and the counting yield, was 30 percent for the counting system used. This corresponds to a chemical yield
The method described here is based upon the following principle. White lead is a pigment of major importance in painting and it has been used by artists for many centuries. Lead metal is aJso an important constituent of other works of art, such as pewter and lead-bearing bronzes. Lead is extracted from ores which contain a quantity of uranium and its several descendants (1) which are in radioactive secular equilibrium with it. The radioactive · equilibrium is disturbed in the series of chemical processes associated with the extraction of lead metal from the ore and with the production of lead compounds. The radium, and most of its descendants, is preferentially removed during processing, while the radioactive lead-210 accompanies the stable isotopes of lead. The lead-210 in the metal extraoted from the ore is thus no longer supported by its relatively long-lived ancestor, radium-226, and it begins to decay with a half-life of 22 years. This process continues until the lead-210 activity is once more in equilibrium with the much smaller quantity of radium that survived the ohemical fractionation process. One can exploit these relationships to determine the age of a sample by using the equation [Pb] of nearly 100 percent. The solution remaining after the polonium has been removed is then analyzed for radium. After macroscopic quantities of ,lead have been removed (used later for a gravimetric lead analysis) and the radium-bearing solution has been purified, radium is eventually carried on a minute precipitate of BaS0 4 (-0.1 mg of barium) which is mounted on a filter for counting (6) . The overall efficiency for the radium measurement was 85 percent after 2 weeks were allowed for ingrowth of radon and its short-lived descendants. This corresponds to a chemical yield of greater than 95 percent.
The accuracy and reproducibility of the analytical procedures for polonium-210 and radium-226 were established by repeatedly applying the procedures to samples of typical materials having known concentrations of these nuclides. Such samples were prepared by the addition of standardized solutions, in known quantities, sufficient to overwhelm the natural concentrations of the radium nuclides in the starting materials. As a check for reproducibility, duplicate determinations were made on several of the samples of known age.
The results of the analyses of white lead and related lead-bearing materials are given in Tables 1-5. Table 1 . gives the polonium-210 (equivalent to lead-210) and the radium-226 concentrations in a variety of lead ores from various regions. The concentrations of polonium and radium are nearly equal .in most cases, as they ·should be, though there seems to be a slight bias in favor of lower radium values. There may be a systematic experimental error due to difficulties in the dissolution of the ore samples. The observed wide range of radium-226 and lead-210 concentrations, from essentially zero to nearly 200 disintegrations per minute per gram of lead, precludes one use of Eq. 1, wherein one must assume that the original uranium concentrations in lead ores are reasonably consistent.
The remaining tables present the results obtained for samples of material that had been subjected to chemical separation processes. The tables include lead metal or chemical compounds (Table 2 ) and white lead. The latter is further divided into groups corresponding to the 20th century (Table  3) , the 19th century (Table 4) , and the 18th century or earlier (Table 5 ). tExpressed as ratio between Po"'• at date of manufacture and Ra .... •Average of two measurements. tExpressed as ratio between initial Po21° and Ra"".
The 20th-century samples listed in Table 3 consisted of two types: painting grounds (G) and relatively pure white-Jead pigments (P). The latter were pigments taken either from tubes of paint or from manufacturers' dry colors of artists' grade.
The samples from painting grounds were obtained by scraping the paint from the tacking edge of canvases. Artists' canvases in the 19th and 20th centuries were often preprimed with a coat of glue size and a coat of whitelead paint before the artists pu~chased them. Canvases were tacked to the sides of a stretcher, with the result that an excess of primed but unpainted canvas is usually found on all edges. The white-lead paint "ground" thus exposed provided us with many of the samples in Tables 3-5 . In a few cases, primarily in Tables 4 and 5 , actual samples of the artist's white paint were used where the painting itself was of such minor value or in such deteriorated condition that a small sample could be taken. The approximate date of manufacture of the pigment in the paint and ground was considered to be the date of the painting, although it is realized that the pigment could be several years older.
In Tables 2-4 , the observed polonium and radium concentrations are given with standard deviations. Also, the computed concentration of polonium for the date of manufacture and a computed separation factor ( 7) are given. The two computed quantities are omitted in Table 5 because they would be meaningless for old samples. It is apparent that the separation factors cover a wide range, from about 6 to more than 1000. Since nctither the separation factor nor the original uranium content of the ore is restricted to a narrow range of values, the concept of precisely calculating ages from Eq. 1 must be discarded (8) .
For the oldest samples (Table 5) , in contrast to the more modern samples of the other tables, there are essentially no deviations from equilibrium between the polonium and radium con- centrations within the indicated uncertainties. Therefore, the method should be useful in determining if a given sample is "old" or "modern."
To show how this information may be used, we here evaluate results obtained for two fictitious samples of unknown age. These results represent those obtained from samples of two hypothetical pamtmgs purported to have been produced in the 17th century but which might have been forged in 1922, approximately two lead-210 half-lives (44 years) ago.
Let us assume that white lead from painting A is analyzed for polonium-210 and for radium-226. The concentration of polonium-210 is 2.0 ± 0.2 disintegrations per minute (dpm) per gram· of Pb, and that of radium-226 is 0.1 ± 0.1. This white lead could not have been produced in the 17th century, since the concentration of polonium-210 in the paint at that time would have been on the order of 10 5 to 106 dpm per gram of Pb, an absurd concentration.
Our second sample, hypothetical painting B, is assumed to have been likewise sampled and analyzed. The concentration of polonium-210 is 1.5 ± 0.2 dpm per gram of Pb and that of radium-226 is 1.4 ± 0.2. Since the polonium and radium values are the same within the uncertainties, the sample would appear to be significantly older than 44 years; no such equilibrium has been observed in any samples from the 19th and 20th centuries.
Therefore, given the premise that the paintings were painted either in the 17th century or-in the 20th, one could say with great certainty that hypothetical painting A was produced in the 20th century, and hypothetical. painting B was produced in the 17t:h.
It is also possible to draw further conclusions concerning the ages of these two samples. The logarithms of the initial polonium concentration for all materials "(some 68 values from Tables 1-4) show a distribution skewed toward the low values, with a mode at about 16 dpm per gram of Pb, and the highest values 100 to 200 dpm per gram of Pb (Fig. 1) . The latter would correspond to a uranium content, in an ore containing 50 percent lead, of approximately 0.01 to 0.02 percent This is a fairly high value fbr uranium content, since the expected average value for uranium in rocks of the earth's crust is ,_,2. 7 parts per million (9) as much as a few percent uranium (J J).
Theref<?re, it is highly unlikely that painting A was produced before the middle of the 19th century, since a decay correction to that time, or earlier, yields an improbably high value for the initial lead-210 concentration in the sample.
The logarithms of the calculated separation factors for more than 50 samples (Tables 2-4) exhibit a normal (12) distribution (Fig. 2) with log 10 of the geometric mean, 1.92, and log 10 of the geometric standard deviation, 0.59 (13) . Values of the separation factor for sample B for certain dates in the past were obtained by applying corrections for radioactive decay. These values exhibit increasing uncertainties (J 4) as the magnitude of the decay correction increases. The computed separation factors and uncertainties for sample B at various dates may be statistically compared with the mean and standard deviation of the population of known separation factors by means of a t-test (13) . This test suggests that the odds against hypothetical painting B having been painted later than 1900 are better than I 00 to I. The odds (~3 to 1) are also against production of the painting later than the early part of the 19th century, but they are not sufficiently high as to rule out this period for the date of production.
In practice, it is possible to obtain results leading to less positive conclusions, for example, if low levels of radioactivity are encountered. There are also possible sources of interference which may affect the analysis in such a way so as to make old paint appear modern and vice versa. For example, the presence of an acidsoluble sulfate such as gypsum (CaS0 4 • 2H 2 0), a colorless pigment commonly used in painting grounds and sometimes as an extender in paints, may lead to a low value for the radium analysis and to the conclusion that the sample is modem. Powdered gypsum (10 percent) mixed with white lead was found to lower the apparent concentration of radium in a sample to approximately one fourth of its actual value. A second potential source of. interference is the presence in a paint sample of a relatively large proportion of natural mineral pigments that have high natural radioactivity. Analyses of a selection of five such pigments showed that concentrations of radium and radiolead in these materials may range up to approximately 6 dpm per gram of pigment. The presence of this material could mask a disequilibrium between low concentrations of lead-210 and radium-226 in a modern whitelead component in a mixture. Thus, the sample could erroneously appear old even though the white-lead component exhibited modern disequilibrium values.
Maximum ·concentrations of radioactivity in the nonwhite-lead portions of over 30 samples of impure white lead (those in Tables 3-5 with less than 50 percent lead) were calculated and found to be generally less than 0.6 dpm per gram of material ( 15). Experimentally, therefore, the effect of contamination of white lead samples appears to be unimportant with lead concentrations greater than approximately 30 percent; but the interpretation of results obtained for paint samples of lower lead content may become questionable.
To avoid these particular analytical difficulties, the painting must be sampled selectively so as to obtain white lead of high purity. The development and use of adequate sampling techniques or, alternatively, the perfection 4 of separation methods to assure a true white-lead analysis are important for full use of the method. BERNARD 
